Background: Mesp1 and Etv2 are essential transcription factors in the regulation of mesodermal lineage development, but their relationship is unclear. Results: Mesp1 interacts physically with Creb1 and transcriptionally regulates Etv2 gene expression. Conclusion: Etv2 is a direct downstream target gene of Mesp1. Significance: This is the first report to identify Creb1 as a coactivator of Mesp1 to regulate gene expression.
During early embryogenesis, mesodermal precursor cells within the yolk sac aggregate to form blood islands and serve as the site for endothelial and blood cell production (1, 2) . Within the early yolk sac blood island, centrally located cells differentiate into primitive blood, whereas the more peripheral cells give rise to endothelial cells (3) . The differentiation of these progenitor cells to endothelial and hematopoietic lineages is governed via the spatiotemporal regulation of transcription factors (4, 5) . Two transcription factors, Mesp1 and Etv2, have been reported to have distinct functions in the specification of blood and endothelial lineages (6 -9) . Mesp1, a basic helixloop-helix (bHLH) 2 transcription factor, has an essential role in the regulation of cardiac mesoderm as Mesp1 null embryos have perturbed heart development and are nonviable (10 -15) , and the overexpression of Mesp1 has been shown to induce the cardiac molecular program (10, 11) . Recent studies also suggest a broader context-dependent role for Mesp1 in mesodermal lineage determination (9) .
Etv2 is a key regulator of endothelial and hematopoietic development (16 -19) . Previous studies have demonstrated that Etv2 has a narrow window of expression during development and that embryos lacking Etv2 develop severe cardiovascular defects and die by E9.5 (7, 8) . We and others have shown that Etv2 is essential for the development of blood and vascular lineages and that Etv2 has a negative effect on the development of the cardiac lineage (20 -22) . Moreover, studies have demonstrated that Etv2 interacts physically with coexpressed factors (i.e. Foxc2 and/or Gata2) to transactivate downstream targets, including Lmo2, Scl/Tal1, Tie2, CD31/Pecam1, Sox7, Fli1, and others (7, 8, 21, (23) (24) (25) (26) . Together, these studies support the notion that Mesp1 and Etv2 are important regulators of mesodermal lineages.
cAMP-responsive element-binding protein (Creb1) has been identified as the transcription factor mediating cAMP stimulation (27, 28) . Creb1 and its two paralogs, cAMP-responsive element modulator (Crem) and activating transcription factor 1 (ATF1), constitute a subgroup of the bZIP finger proteins on the basis of their conservation of the bZIP domain (29) . Genetic studies have revealed the function of these subgroup proteins during murine development. Creb1 null mice have impaired T cell development, a reduction in the size of the corpus callosum, and anterior commissures and die because of respiratory * This work was supported, in whole or in part, by National Institutes of Health Grants U01 HL100407 and R01 HL122576 (to D. J. G.). This work was also supported by the American Heart Association (Jon Holden DeHaan Foundation Grant 0970499N) (to D. J. G.). 1 defects (30) . Targeted global deletion of CREM results in the absence of spermatogenesis (31, 32) . Although the global deletion of ATF1 does not cause any phenotypic abnormalities, the double knockout of ATF1 and Creb1 results in embryonic lethality because of preimplantation defects (33) . Therefore, these genes are hypothesized to have redundant roles in a variety of tissues (33, 34) . Creb1 has been shown to transactivate gene expression through a specific motif, TGACGTCA, that is referred to as the cAMP-response element (CRE), which is found in the promoter of the genes regulated by cAMP (35) . Upon cAMP stimulation, Creb1 is phosphorylated at the Ser-133 residue by PKA and is then able to recruit the Creb-binding protein (CBP) activator complex (36) . In addition to cAMP, other signaling pathways may also stimulate Creb1 activation.
We have reported previously that the Vegf/Flk1 signaling pathway leads to the activation of the p38-Creb1 cascade, which, in turn, activates Etv2 gene expression during embryogenesis (23) . Creb1 binds to the CRE motif as a homodimer and also forms a heterodimer with other bZip factors, such as CCAAT/enhancer-binding protein (C/EBP) and NF-IL6 (27) . In addition, Creb1 cooperatively interacts with other transcription factors such as AP1 and Sox9 and other bHLH factors to regulate gene expression (37) (38) (39) (40) . Interestingly, Myod transactivates its target gene, Rb1, through the proximal CRE motif in the Rb1 promoter by interacting with Creb1 (39) . In this study, our goal is to define the transcriptional and lineage relationship between Mesp1 and Etv2. Using ChIP and transcriptional assays, our study is the first to demonstrate that Mesp1 binds and transactivates Etv2 gene expression. Surprisingly, the E-box motifs are not required for the transactivation of Etv2 by Mesp1. Rather, Mesp1 interacts with Creb1 and regulates Etv2 gene expression through the CRE motif that is harbored in the proximal promoter. Our study demonstrates coexpression of Mesp1-Cre ϩ cells and Etv2-EYFP ϩ cells during murine embryonic development, with the majority of the Etv2-EYFP expressing cells at E8.5 and E9.5 arising from Mesp1-Cre ϩ cells. Finally, we conditionally ablate Etv2 using the Mesp1-Cre mouse model and observe a lethal phenotype similar to the Etv2 global mutants. Collectively, these data indicate that Mesp1 is a direct upstream regulator of Etv2. We further propose that the CRE motif in the proximal Etv2 promoter may serve as an integration site for both Mesp1 and Vegf/Flk1 signaling to coordinately regulate Etv2 gene expression during mesodermal lineage specification.
EXPERIMENTAL PROCEDURES
DNA and RNA Manipulation-DNA subcloning, mutagenesis, RNA extraction, cDNA synthesis, and quantitative PCR were performed as previously described (41) . The dominantnegative inhibitor of Creb1 (A-Creb1) was purchased from Addgene (42) . TaqMan probes for quantitative PCR were purchased from Applied Biosystems as previously described (43) . Creb1 siRNA oligos were purchased from GE Dharmacon.
ChIP-In the ChIP assay, chromatin preparation and immunoprecipitation from EBs were performed as previously described (24) . The following primer pairs were used in the ChIP assay: Etv2 proximal promoter, 5Ј-CTCCCCAAGTTCT-TTTCCAAGC-3Ј (forward) and 5Ј-CTGATAGGGGAGGGG-GAATTTT-3Ј (reverse); Etv2 distal enhancer, 5Ј-GGGCTAA-AGGGCATTTCCTG-3Ј (forward) and 5Ј-CCCCCACACTC-TTTACATTACAA-3Ј (reverse); and Gapdh, 5Ј-TGACGTGC-CGCCTGGAGAAA-3Ј(forward) and 5Ј-AGTGTAGCCCAA-GATGCCCTTCAG-3Ј (reverse).
Cell Culture and Transcriptional Assays-NIH3T3 cells were maintained in DMEM containing 10% FBS. The day before transfection, 1 ϫ 10 5 NIH3T3 cells were seeded onto 6-well plates. The Mesp1 expression plasmid, the Etv2 promoter fused to the firefly luciferase reporter, and CMV-Renilla luciferase were transfected into NIH3T3 cells with FuGENE HD (Promega). The siRNA oligo transfection was performed with Lipofectamine 2000 reagent. Cells were lysed 24 h after transfection and examined using the Dual-Luciferase assay (Promega). The firefly luciferase activity was normalized to that of the Renilla luciferase. All of the experiments were repeated at least three times.
Western Blot, Coimmunoprecipitation, and GST Pulldown Assays-C2C12 cells were maintained in DMEM with 10% FBS. HA-Creb1 and Myc-Mesp1 overexpression plasmids were transfected into C2C12 cells using Lipofectamine and Plus reagents (Invitrogen). Transfected cells were lysed 24 h later and utilized for Western blot and coimmunoprecipitation assays as described previously (44) . For the protein-protein interaction between HA-Mesp1 and endogenous Creb1, EBs were treated with doxycycline from days 3 to 4 and then lysed for immunoprecipitation. Antibodies utilized in the Western blot and coimmunoprecipitation assays included anti-HA serum (3F10) from Roche; anti-HA serum (rabbit), anti-Myc serum (9E10), and anti-Myc serum (rabbit) from Santa Cruz Biotechnology; and anti-Creb1 serum (rabbit) from EMD Millipore. GST pulldown assays were performed following a procedure reported previously (44) . Mesp1 deletion constructs were subcloned into the pGEX-4T vector. GST-Mesp1 fusion proteins were purified using B-per buffer (Pierce) and glutathione-Sepharose 4B beads (GE Healthcare). HA-tagged Creb1 deletional constructs were translated in vitro in the presence of
Immunohistochemistry-LacZ staining and immunohistochemistry were performed as described previously (45) . Primary antibodies used for immunohistochemistry included chicken anti-green fluorescent protein serum (1:500, Abcam, catalog no. ab13970), rabbit anti-Dsred (1:200, Clontech, catalog no. 632496), goat anti-Pecam1 serum (1:500, R&D Systems, catalog no. AF3628), rat anti-endomucin serum (1:500, Abcam, catalog no. ab106100), rat anti-Tie2 serum (1:600, eBiosciences, catalog no. 14-5987-82), and rabbit anti-Flk1 serum (1:500, Cell Signaling Technology, catalog no. 55B11). Secondary antibodies included Alexa Fluor 488-donkey antichicken serum, Cy3-donkey anti-goat serum, Cy3-donkey antirabbit serum, Cy3-donkey anti-rat serum, and Cy5-donkey anti-rabbit serum, which were diluted 1:800 (all were obtained from Jackson ImmunoResearch Laboratories). Results were imaged on a Zeiss Axio Imager M2 upright microscope. Merged images of color overlay were generated digitally after photographing images in separate channels.
ES Cell Culture, Embryoid Body Differentiation, and FACS
Analysis-HA-tagged Mesp1 was subcloned into the p2Lox vector and then electroporated into A2Lox-Cre mES cells to establish an iHA-Mesp1 ES cell line (46) . ES cell maintenance and induction of differentiation by EB formation were performed as previously described (47) .
Single-cell Quantitative PCR-The 3.9-kb upstream promoter of Etv2 was subcloned into the p2Lox-EYFP vector. This construct was electroporated into A2lox ES cells to obtain the reporter ES cell line Etv2-EYFP clone. EBs were prepared as described above and harvested on day 4. The EBs were treated with trypsin and resuspended in 3% FBS medium. EYFP ϩ cells were sorted using a BD FACSAria for single-cell quantitative RT-PCR as described previously (25) . The sorted cells were stained with LIVE/DEAD reagent and loaded onto a Fluidigm C1 single-cell capture chip. The cells were then lysed for cDNA synthesis and amplification. The lysates from 24 cells were selected for PCR using the Fluidigm BioMark HD chip and Taq-Man probes for Creb1, Etv2, and Mesp1. The data were analyzed using Fluidigm real-time PCR analysis software (25) .
Animal Husbandry-Etv2-EYFP transgenic mice were engineered in our laboratory as described previously (21) . Mesp1-Cre mice were provided by Kenneth Murphy (9) . Rosa-TdTomato (stock no. 007914) and Rosa-LacZ (stock no. 003474) reporter lines were purchased from The Jackson Laboratory (48, 49) . To generate a conditional Etv2 (Etv2 fl /fl) knockout allele, a targeting vector was constructed that included a 6.4-kblong arm of homology, a 74-bp LoxP cassette, a 2.02-kb short arm of homology, and the 1.8-kb target region, which included exons five through seven, and a neomycin cassette flanked by flippase recognition target (FRT) and LoxP cassettes. The targeting vector was then linearized and electroporated into C57BL/5 ϫ 129/SvEv hybrid ES cells as described previously (50) . After antibiotic selection with G418, surviving clones were expanded and screened for correct integration by PCR. Three clones were further confirmed by Southern blot analysis and identified for blastocyst injection. The resulting chimeric animals were bred for germ line transmission. These animals were crossed to Flp mice (The Jackson Laboratory, stock no. 003946) to remove the neomycin cassette (51) . Flp was then removed by backcrossing, resulting in Etv2 floxed mice. To confirm the mutation strategy, floxed mice were crossed with EIIA-Cre mice that constitutively express the Cre recombinase (Jackson, stock no. 003724) to generate a germ line mutation (52) . Embryos homozygous for this mutation phenocopied the global Etv2 mutant phenotype described previously (data not shown) (8) . For conditional knockout studies, Cre transgenic mice were crossed to Etv2 fl/fl mice to generate Etv2 fl/ϩ ; Cre ϩ mice, which were then mated to Etv2 fl/fl mice to obtain tissuespecific knockout animals. All mice were maintained at the University of Minnesota using protocols approved by the institutional animal care and use committee and research animal resources.
Statistics-All data represent the mean Ϯ S.D. of at least three replicates. Statistical significance was tested by Student's t test for two groups and Kruskal-Wallis H test with Dunn's multiple comparison test for more than two groups using Prism5 software (GraphPad).
RESULTS
Etv2 Is a Direct Downstream Target Gene of Mesp1-As outlined in our previous report, Mesp1 can induce Etv2 gene expression in the ES/EB system (9) . In this study, utilizing the inducible Mesp1 ES cell model (iMesp1 cells), we further examined the regulation of Etv2 gene expression by Mesp1. We hypothesized that a limited induction of Mesp1 (6 h) should enrich the differentially expressed genes for direct targets. Our results demonstrate that Mesp1 induces Etv2 mRNA levels by 1.5-fold at both 6 and 24 h ( Fig. 1A ). However, we did not observe any effect on Lmo2 expression, a documented Etv2 direct downstream target, at either time ( Fig. 1A) (24) . This may be due to the modest induction of Etv2 by Mesp1 (1.5-fold), which is relatively low compared with the overexpressed Etv2 (10-fold) expression. The 3.9-kb Etv2 promoter has been defined and contains regulatory elements that direct reporter expression in a similar spatiotemporal pattern as endogenous Etv2 (21) . Moreover, the 3.9-kb Etv2 promoter harbors two conserved regions, CRI and CRII (21) . Bioinformatics analysis reveals three E-box motifs within these conserved regions (Fig.  1B) . The ChIP assay revealed that Mesp1 binds to the CRII region but not to the CRI region (Fig. 1C) . In contrast, Lmo2 is not induced by Mesp1 following 6-or 24-h treatments (*, p Ͻ 0.05). B, bioinformatics analysis reveals three E-box motifs in CRI and CRII of the Etv2 upstream 3.9-kb promoter. Specific primers for the ChIP assay are indicated for CRI and CRII. C, Mesp1 binds to the CRI region but not to the CRII region, as revealed using ChIP assays. Gapdh was a negative control for the ChIP assay (*, p Ͻ 0.05).
Transactivation of Etv2 by Mesp1 is Mediated by the CRE
Motif-Mesp1 has been shown to be a potent transactivator of gene expression in multiple cell lines (9) . As shown above, our studies demonstrated the protein-DNA interaction between Mesp1 and E-box motifs in vivo. To further examine the transcriptional regulation of Etv2 by Mesp1, we utilized the Etv2 promoter, which harbors a number of conserved motifs in the CRI and CRII regions, including E-box, CRE, Ets, Smad, and Gata motifs ( Fig. 2A, top panel) . CRI and CRII were constructed adjacently of the luciferase gene as the reporter Etv2-luc ( Fig.  2A, bottom panel) . As shown in Fig. 2B , Mesp1 transactivated the Etv2-luc reporter ϳ12-fold. However, mutation of the E-box motifs, individually or in combination, did not attenuate the transactivation by Mesp1 (Fig. 2B ). Furthermore, transcriptional assays with the mutation of these conserved motifs demonstrated that only mutation of the CRE motifs, but not Ets, Gata, or Smad motifs, resulted in attenuation of the reporter gene activation by Mesp1 (Fig. 2C) . To identify the specificity of the CRE motif, each CRE motif was mutated. As shown in Fig.  2D , the transactivation was down-regulated only upon CRE#1 mutation but not CRE#2 or CRE#3 mutations. Importantly, the combinatorial mutations of CRE#2 or CRE#3 did not add to the effect of the CRE#1 mutation, indicating that CRE#1 is the primary element necessary for Mesp1-mediated transactivation of the Etv2 promoter.
Mesp1 Interacts with Creb1-We have reported previously that Vegf/Flk1 signaling induces Etv2 gene expression through the p38-Creb1 cascade via the CRE motif (23) . Our transcriptional assays described above suggested that Mesp1 interacts with Creb1, thereby regulating Etv2 gene expression. To test our hypothesis, we overexpressed Myc-tagged Mesp1 and HAtagged Creb1 in cultured cells. As shown in Fig. 3A , Myc-Mesp1 was coimmunoprecipitated with HA-Creb1 using a HA antibody. Next we examined whether Mesp1 interacts with endogenous Creb1 in vivo. Because no antibody is available to immunoprecipitate Mesp1, we generated an inducible HA-tagged Mesp1 ES cell line using the p2Lox system. We confirmed that HA-Mesp1 is induced to a similar level as endogenous Mesp1 upon doxycycline treatment (data not shown). The immunoprecipitation was successful, as shown in Fig. 3B . We detected APRIL 10, 2015 • VOLUME 290 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 9617 endogenous Creb1 in the immunoprecipitated complex using Western blot analysis (Fig. 3B ). We further mapped the interacting domains of Mesp1 and Creb1 by performing GST pulldown assays. Purified GST-Mesp1 middle region (harboring the bHLH domain), but not the N-terminal or C-terminal domains (Fig. 3C) , was able to pull down Creb1 (Fig. 3D) , and the results are summarized in Fig. 3C . Creb1 deletional constructs are shown in Fig. 3E . These data support the notion that
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the Creb1 C-terminal region (bZIP domain) is essential for the interaction with Mesp1 (Fig. 3, E and F) . The deletion of the bZIP domain results in a complete loss of the pulldown (Fig.  3F ), as summarized in Fig. 3E . To define the region required for the transactivation by Mesp1, a series of Mesp1 constructs was generated, as shown in Fig. 3G . Only full-length Mesp1 has transactivation activity, and deletion of any of the domains results in complete loss of function (Fig. 3G) . Our studies suggest that Mesp1 transactivates the Etv2 reporter through its interaction with Creb1. A-Creb1 has been reported as the dominant negative inhibitor of wild-type Creb1 (42) . As shown in Fig. 3H , wild-type Creb1 enhances the transactivation by Mesp1 from 7-fold to 14-fold. However, A-Creb1 represses the transactivation by Mesp1 to baseline levels. In addition, we identified two siRNA oligos (#2 and #3) that down-regulate endogenous Creb1 efficiently (data not shown). Cotransfection of these siRNA oligos (Creb1 siRNA #2 and #3) attenuate the transactivation by Mesp1 from 8-fold to ϳ5-fold ( Fig. 3I ).
Mesp1 and Etv2 Are Coexpressed during Embryogenesis-To examine the lineage relationship between the Etv2-EYFP ϩ cells and Mesp1-Cre ϩ cells (the Mesp1-Cre lineage), we generated compound embryos, Mesp1-Cre ϩ/Ϫ ; Rosa-TdTomato ϩ ; Etv2-EYFP ϩ , and analyzed the expression of TdTomato and EYFP. In these embryos, EYFP expression was driven by the Etv2 promoter, and TdTomato marked the lineage of Mesp1-expressing cells (Fig. 4A ). Whole-mount epifluorescence images reveal a robust TdTomato signal in the heart region and a weak signal in the intersomitic vessels ( Fig. 4A, center panel) . EYFP fluorescence appeared to largely overlap with the TdTomato signal in both embryonic heart and intersomitic vessels (Fig. 4A , compare the left and right panels). To quantify the overlap, we performed flow cytometric analysis of these embryos at E8.5 and E9.5. On average, 6.5% of cells in the embryo and 71.3% of cells in the yolk sac were EYFP ϩ at E8.5, and 7.5% of cells in the embryo and 19.5% of cells in the yolk sac were EYFP ϩ at E9.5 (Fig. 4 , B and C). Of these EYFP ϩ cells, 95.6% in the embryo and 99.3% in the yolk sac (n ϭ 4) were TdTomato ϩ cells (Mesp1-Cre lineage) at E8.5. At E9.5, the percentage dropped slightly to 87.2% in the embryo, whereas the percentage remained constant at 99.9% in the yolk sac ( Fig. 4D ). Further immunostaining revealed the colocalization of EYFP and TdTomato in the endothelial cells (Fig. 4E ). Here we demonstrate that the majority of the Etv2-EYFP ϩ cells arises from the Mesp1-Cre ϩ lineage in both the embryo and yolk sac during embryogenesis. To further define the endogenous gene expression of Etv2 and Mesp1, we utilized the 3.9-kb Etv2-EYFP reporter ES cell line (Fig. 5A ). EYFP ϩ cells were sorted from 3.9-kb Etv2EYFP EBs at day 4.
Single-cell quantitative PCR was performed to define the expression of Creb1, Etv2, and Mesp1. As shown in Fig. 5B , Creb1 was detected in all 24 cells, whereas Etv2 was expressed in 11 cells and Mesp1 in 17 cells. The expression of Etv2 in 11 of the total 24 cells may be due to the extended half-life of EYFP protein compared with Etv2 mRNA expression. Overall, we observed coexpression of Creb1, Etv2, and Mesp1 in 9 of 24 cells (37.5%) (Fig. 5B ). In summary, our studies demonstrate that Creb1 and Mesp1 are coexpressed with Etv2 during embryogenesis.
Etv2 fl/fl ;Mesp1-Cre ϩ Embryos Are Nonviable, and Most of Them Die by E9.5-Colocalization of the Mesp1 lineage labeled by TdTomato and Etv2-EYFP prompted us to hypothesize a lineage relationship between Mesp1-and Etv2-expressing cells. To test our hypothesis and assay for gene function in vivo, we utilized the Cre/loxP recombination strategy and conditionally ablated Etv2 with the Mesp1-Cre driver (Fig. 6 ). We crossed Etv2 fl/ϩ ;Mesp1-Cre ϩ mice with Etv2 fl/fl mice and analyzed their genetic offspring and embryos at various stages during development. From 76 weanlings, we obtained no offspring of the Etv2 fl/fl ; Mesp1-Cre ϩ genotype (Fig. 7A) . To further characterize this lethal phenotype, we analyzed E7.5, E8.5, E9.5, and E10.5 embryos during embryogenesis. We observed viable embryos at E7.5 and E8.5, whereas, by E9.5, there was a significant reduction in Etv2 fl/fl ; Mesp1-Cre ϩ genotypes (Fig. 7A ). Furthermore, morphological assessment of the E9.5 embryos revealed that Etv2 fl/fl ; Mesp1-Cre ϩ embryos were significantly smaller than their control littermates (Fig. 7B) . The embryos appeared pale and reduced in size and displayed pericardial edema. This phenotype was further manifested at E10.5 (Fig.  7B) . To examine the gene expression profile related to this phenotype, we performed quantitative RT-PCR of RNA isolated from E8.5 embryos. As shown in Fig. 7C , Etv2 was significantly down-regulated in the Etv2 fl/fl ;Mesp1-Cre ϩ embryos, which confirmed the efficient deletion of Etv2 by the Mesp1-Cre driver. Both endothelial genes (Flk1 and Tie2) and hematopoietic genes (Lmo2, Pecam1, and Tal1) were down-regulated, which photocopied the gene expression profile in the Etv2 null embryo (8) . We did not observe any change in Creb1 and Crem expression.
Etv2 fl/fl ;Mesp1-Cre ϩ Embryos Have Impaired Vascular Development-To determine whether the conditional deletion of Etv2 by the Mesp1-Cre driver results in vascular defects similar to the Etv2 global mutants, we examined the Etv2 fl/fl ;Mesp1-Cre conditional knockout (Fig. 7D, a, c, e, g) and control (Fig.  7D, b, d, f , and h) embryos using immunohistochemistry. Transverse heart level sections stained with the endomucin APRIL 10, 2015 • VOLUME 290 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 9619 antibody (Fig. 7D, a) revealed a positive signal in the endothelial cells lining the dorsal aortae and cardinal veins (Fig. 7D, c,  arrowheads) , endocardium ( Fig. 7D, e, arrowheads) and yolk sac vessels ( Fig. 7D, g, arrowheads) of control (Cre Ϫ ) embryos. In contrast, these cells appeared to be absent or reduced significantly, and the vascular structures failed to develop properly in the Etv2 fl/fl ; Mesp1-Cre ϩ embryos (Fig. 7D, b, d, f, and h) . Additional immunohistochemical analysis of the embryos stained with antibodies against Tie2, Flk1, and CD31/Pecam1 revealed similar results (data not shown). In summary, the analysis of Etv2 fl/fl ;Mesp1-Cre ϩ conditional knockout embryos demonstrated nonviable embryos by E9.5, and these embryos displayed vascular and hematopoietic defects similar to the Etv2 global mutants. This phenotype was consistent with the hypothesis that a majority of the Etv2 ϩ cells arise from the Mesp1-Cre lineage. To substantiate our findings, we stained sections of a conditional mutant embryo of Etv2 (deleted using the Mesp1-Cre mouse model) as well as Cre-negative controls at E8.5 for three additional endothelial markers, Flk1, Tie2, and Pecam (Fig. 8) . The Flk1 antibody revealed strong expression in the endothelial lineages, including the cardinal veins, dorsal aortae, and endocardium, and yolk sac vessels (Fig. 8a) . It also stained cells in the head mesenchyme (mes) and the outer layer of the looping heart (ht) (Fig. 8a) . All of these cells, except for the mesenchymal cells, were missing or did not express Flk1 in the conditional mutant ( Fig. 8b) . Similarly, Tie2 and Pecam1 were expressed in the endothelial cells of the control embryos and were missing in the conditional mutant (Fig. 8, compare c  and d to e and f), except for a few Pecam-positive cells in the endocardium and the yolk sac (Fig. 8f, ec and asterisk) . Consistent with Fig. 8d , we did not observe vessel-like structures in the conditional mutant embryo, indicating that the absence of immunoreactivity is not due to down-regulation of antigens but, rather, an absence of the endothelial cells.
DISCUSSION
Etv2 was initially identified as a direct downstream target gene of Nkx2-5 (8) . More recent studies have demonstrated that the functional role for Etv2 is not limited to the endocardium but, rather, that it functions as an essential regulator of hematopoietic and endothelial progenitors (7, 8) . Foxc2 has been shown to physically interact with Etv2 and promote the endothelial program. Our laboratory also identified Gata2 as a key binding partner that amplifies transcriptional activity and regulates the hematoendothelial lineages (53) . A number of downstream targets of Etv2 have been identified, including Lmo2, Tal1, Tie2, and Pecam1 (18) . However, the transcriptional regulation of Etv2 gene expression has not been well characterized. Studies in zebrafish have demonstrated that Foxc1a/b is an upstream regulator of Etsrp (54) . However, there is no equivalent Forkhead-binding motif in the 3.9-kb promoter of the murine Etv2 gene (data not shown). In the murine model, the PKA and Vegf/Flk1 signaling cascades have been shown to transactivate Etv2 gene expression via Creb1 during embryogenesis (23, 55) .
Previous studies support the notion that Mesp1 is a master regulator of the cardiac lineage during embryogenesis (12) . Recent studies have shown that Mesp1 regulates multiple lineages through a context-dependent manner (9) . Mesp1 belongs to the bHLH family of proteins, members of which form heterodimers with E12 or E47 proteins and bind to the E-box motifs (CANNTG) (6) . Mesp1 has been reported to interact with the E-box motif in the promoters of a number of genes, including Hand2, Myocardin, Gata4, and Dkk1 (10, 11, 13) , although a rigorous biochemical assessment for this transcription factor has not been undertaken. In this study, we demonstrated that, although Mesp1 is capable of binding to the E-box of the proximal promoter of Etv2, transcriptional and mutagenesis analyses revealed that these E-box motifs were dispensable for Mesp1 transcription activity. Rather, mutation of the CRE motifs resulted in the attenuation of Mesp1 transactivation but not the mutation of Ets, Gata, or Smad motifs. Moreover, the CRE#1 motif is the only CRE motif required for Mesp1 transcriptional activity. Previous reports suggested that the CRE motif is only functional if it is located near the proximal region of the transcription start site (56) . These data are also consistent with our previous report, in which we demonstrated that CRE#1 is the only motif that is essential for the VEGF/Flk1-p38 signaling cascade and Etv2 transcriptional activity (23) . Our studies further support the hypothesis that Mesp1 is recruited by the Creb1/CRE#1 activation complex as a coactivator and the E-box motif serves as the initial docking site for Mesp1. In this model, the E-box motif may enhance or stabilize the protein-protein interaction between Mesp1 and Creb1. In the future, it will be interesting to examine the coexistence of the E-box and CRE motifs in the promoters of additional target genes of Mesp1 to further examine this model.
Our transcriptional assays have led us to the hypothesis that Mesp1 interacts with Creb1. Further studies have defined that the protein-protein interaction between Mesp1 and Creb1 is mediated through the bHLH domain of Mesp1 and the bZIP domain of Creb1. Both the bHLH domain and the bZIP domain can form homodimers and heterodimers with bHLH or bZIP factors, respectively. It should be noted that the bHLH and bZIP heterodimer may represent a novel type of heterodimer. It has been reported that the dimer formed between bHLH and bZIP factors may augment or inhibit the function of bZIP or bHLH factors (40) . For example, Creb1 serves as a coactivator of Myod, which forms a heterodimer with Creb1 to transacti-vate Rb gene expression (39) . ATF4 blocks the activity of Paraxis or Scleraxis in Sertoli cells by preventing the formation of the Paraxis or Scleraxis-E12 heterodimer complex (40) . In this study, we show that Mesp1 regulates the gene expression of Etv2 through the CRE motif by interacting with the coactivator Creb1. It has been reported previously that the VEGF/Flk1-p38 cascade regulates the activity of Creb1 through protein phosphorylation, and phosphorylated Creb1 then recruits the CBP complex (23) . Collectively, we propose that Creb1 integrates the signaling from both Mesp1 and the VEGF/Flk1-p38 cascade through two distinct mechanisms, protein-protein interaction and protein modification, thereby transactivating Etv2 gene expression to specify mesodermal lineages. Our studies have also shown that mutation of CRE motifs results in partial attenuation of Mesp1 activity, which indicates that additional motifs are also important in the transcriptional activity of Mesp1 by recruiting other factors. In this study, we reported Creb1 as the first coactivator of Mesp1. Our data warrant further identification of additional Mesp1 cofactors to explore its functional role in the specification of mesodermal lineages.
Utilizing an array of assays, we demonstrated that Mesp1 is an upstream activator of Etv2 gene expression during embryogenesis. In support of this hypothesis, the conditional knockout of Etv2 using Mesp1-Cre model demonstrated a similar phenotype as the global Etv2 null mice. Mesp1 is an essential transcription factor for cardiac lineage specification, and it transactivates a number of cardiac genes, including Hand2, Myocardin, and Gata4 (10, 11, 13) . In contrast, when Mesp1 activates Etv2 gene expression, these Mesp1 ϩ /Etv2 ϩ progenitors become restricted to the hematopoietic/endothelial lineages and do not contribute to the cardiac lineage. Therefore, in these Mesp1 ϩ /Etv2 ϩ progenitors, the cardiac molecular program will not be induced. Future studies will examine whether Etv2 negatively regulates the function of Mesp1 to further subdivide Mesp1 ϩ mesodermal lineages.
Our studies also indicate that the Mesp1-Cre ϩ lineage gives rise to more than 95% of the Etv2-EYFP ϩ cells during embryo-genesis at E8.5. It is important to emphasize that this number drops to 87% in E9.5 embryos compared with 99% at the E8.5 or E9.5 yolk sac. Presumably, these EYFP ϩ /TdTomato Ϫ cells in the E9.5 embryo are not descendants of the Mesp1-Cre ϩ lineage. One possibility is that, because Mesp1 lineages are more dominant in the anterior half of the embryo, the posterior vascular cells may originate from a Mesp1-independent source at E9.5 (Fig. 4A) (6) . Another explanation that is not mutually exclusive would be that there is another wave of angioblasts during embryogenesis and that these late-born angioblasts are derived from the Mesp1 Ϫ lineage. In either case, a number of questions will need to be addressed to further define the biology, specification, and transcriptional regulation of the second source of Etv2 ϩ cells. In summary, our study is the first to report Creb1 as the coactivator of Mesp1 and to define a mechanism whereby Mesp1 has an important functional role in the transcriptional regulation of Etv2 gene expression.
